Depletion of petroleum resources and the rising cost of petroleum products have led to the increasing efforts to develop natural raw materials for industrial uses 1, 2) . Vegetable oils have been important sources for the synthesis of green polyesters. There have been many studies on a wide variety of polymeric materials based on plant seeds and oils [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Acrylic monomers were first incorporated to improve the properties of the alkyd resins, predominantly for coating applications 15) . These polymers are synthesized by varying the type of acrylic or alkyd components and their ratio. The idea of a hybrid polymer is very attractive with the aims of combining the good properties of these two binders. Alkyd based coatings usually provide high gloss, good color retention, good heat and solvent resistance, low cost and an auto-oxidative crosslinking ability; however, their major weakness is the poor water, acid, and alkali resistance. On the other hand, acrylic resins are well-known to provide good water, acid, and alkali resistance and offer fast physical drying 15, 16) . Combining these two chemistries may provide a combination of the positive characteristics in the new products [17] [18] [19] [20] [21] .
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The aim of this work was to use the palm oil derivatives as raw materials to produce an unsaturated macromer, which was then used for copolymerization with MMA. Evidence on formation of copolymer was provided by H-NMR and FTIR spectroscopy. Molecular weight and thermal analysis measurements were performed. To check the performance of these copolymers as coatings, drying times, pencil hardness, adhesion properties and chemical and water resistant behaviours were determined using standard test methods.
Oleic acid (Purity 99.5%) and glycerol (purity > 99.5%) were obtained from Emery Oleochemicals Sdn. Bhd., Malaysia. Phthalic anhydride, PA, was from P.T. Petrowidada Indonesia. MMA monomer, benzoyl peroxide, toluene, ethanol, methanol, potassium hydroxide, and potassium hydrogen phthalate were reagent grade chemicals from Merck. Benzoyl peroxide, which was supplied with 25% moisture, was recrystallized from ethanol, followed by drying in a vacuum oven at 30˚C and kept in the fridge before use.
Pre-weighed PA, oleic acid and glycerol were formulated according to the procedure of Patton 22) . The reactants were charged into a 2-L four-neck round bottomed glass reactor equipped with a condenser, thermometer, mechanical stirrer, and a Dean-Stark decanter for separating the water evolved from the reaction. The mixture was heated and stirred to 160-180˚C for 1 h. The temperature was subsequently raised and maintained at 220-240˚C. The reaction was completed after the collected water of reaction was as predicted in the formulation. The alkyd macromer (AlkOA) was a viscous liquid at room temperature. Its properties are summarized in .
Copolymerization was carried out in a glass reactor equipped with a condenser, mechanical stirrer, thermometer and dropping funnel. Initially the reactor was charged with known weight of AlkOA in 100 g toluene with the specified amount of MMA.
The system was purged with nitrogen gas for 5 minutes. The mixture was heated to 90˚C and stirred at 250 rpm. The preweighed initiator dissolved in 20 g toluene was introduced into the reactor through the dropping funnel within approximately 8 min. The temperature was maintained at 95-100˚C for 8 hrs. Copolymers were prepared using MMA and macromer in three different ratios. The composition recipes and designation codes of the copolymers are summarized in .
Acid number and hydroxyl number
The acid number of macromer was determined by dissolving a known weight in a mixture of ethanol and toluene (1 : 2) and titrating with standardized potassium hydroxide solution, a procedure adapted from ASTM D1980-87. The hydroxyl number was determined according to the standard test method as described under ASTM D4274-94.
% Conversion
During the copolymerization reaction, the conversion was determined gravimetrically. Aliquots of about 4 g were taken from the reaction mixture by a syringe at around 20 minute intervals and dropped immediately into excess methanol to precipitate the copolymers, which were isolated by filtration and dried in oven at 60˚C for 24 hrs.
2.4.3 FTIR and NMR FTIR spectra were recorded on a Perkin Elmer FTIR RX1 spectrometer at room temperature, with 4 scans from 4000 to 400 cm -1 and resolution of 4 cm -1 . Thin liquid film of the macromer was cast directly on the sodium chloride cell for recording its spectrum. In the case of copolymers, a small sample was first dissolved in minimum amount of toluene and a thin layer of the viscous solution was spread onto the sodium chloride cell. The solvent was removed by blowing with hot air.
Sample was dissolved in deuterated chloroform at concentration of around 10 mg/mL and the H-NMR spectrum was recorded on a JNM -GSX270 Fourier Transform Spectrometer operating at 270 MHz. The chemical shifts were referenced against the deuterated solvent: chloroform-d1 (CDCl3) using δ value : 7.26 ppm.
The molecular weight distributions of the macromer and copolymer samples were determined with GPC setup consisting of a Water 600 controller, Water 717 Auto sampler, and Water 2414 Refractive Index detector. Tetrahydrofuran (THF) was used as eluent with a flow rate of 1 mL/min. The calibration of the GPC column was performed with monodispersed polystyrene standards. Sample was dissolved in THF at around 4 mg/mL.
Thermal analysis
The glass transition temperature (Tg) of sample was determined with Perkin Elmer Differential Scanning Calorimeter DSC 6 calibrated with Indium. Two heating programs were utilized; with one method, the samples were heated from 35 to 190˚C at heating rate of 5˚C/min under nitrogen atmosphere. A second scan was conducted for the same sample. An Intercooler 2P cooling system was used for sample having sub-ambient glass transition temperatures of below 0˚C, and measurement was made from -50˚C to 190˚C under nitrogen atmosphere. Thermal data were acquired based on the second heating run.
The thermogravimetric analysis (TGA) was performed on a Perkin Elmer Pyris 6 system under a steady flow of nitrogen atmosphere at a heating rate 10˚C/min from 30 to 900˚C.
Copolymer films as coatings
Films of 50 µm wet thickness were coated by a Sheen coater on the clean, degreased mild steel rectangular panel measuring 70 mm × 200 mm. Various stages and rates of film formation during drying of organic coatings given by the times for dry-to-touch and dry-to-hard, were determined by using the testing method stated in ASTM D1640-83. The coating was allowed to dry for further 2 days, before the pencil hardness measurement (ASTM D3363-92a) was conducted by using a Sheen Pencil Hardness Kit with a set of calibrated wood pencils. Adhesion test (ASTM D3359-93), corrosion resistance 23) , water resistance (D1647-89) and solvent rub test (ASTM D5402-93) were conducted on the dried coatings.
Progress of the polycondensation reaction, during the synthesis of AlkOA, was monitored by periodic checking of the acid number of the reaction mixture. In the preparation of the macromer, the reaction of PA involved two distinct steps. Since the acid anhydride PA is much more reactive than the oleic acid, the first reaction with glycerol proceeds rapidly by ring opening of the anhydride ring to form a half ester and a free carboxylic group. This step of PA did not evolve any water and could occur quite readily at relatively mild temperature of around 160-180˚C. In the subsequent step, the temperature was raised to 220-240˚C, during which time the carboxylic acid group of the half ester and oleic acid would compete to react with remaining hydroxyl groups in the mixture, and water of condensation would evolve and was trapped and collected in the Dean-stark decanter. These plausible reactions are depicted in .
shows two plausible mechanisms for the synthesis of the copolymers. AlkOA contains one or more attached oleate branches that have -CH2-CH=CH-double bonds, which serve as the sites for copolymerization with MMA. The two plausible routes could be (A) the normal free radical addition reaction to the -CH=CH-, and (B) the hydrogen extraction of the -CH2-CH=CH-of the oleate side chain of the macromer. The former would lead to the disappearing of the -CH=CH-while the latter would not consume the double bond.
The rate of radical polymerization is affected by the steric hindrance around the C=C double bonds. Presumably the steric hindrance at the C=C bonds on the oleic acid units is much higher than that in MMA. More of the propagating radicals would react preferably with MMA rather than the alkyd macromer. In addition, the conversion is also influenced by the viscosity of the medium.
As the mixture became more viscous after reaching certain conversion level, the propagation would become very slow, while the radical terminals could lose their activity through other side reactions such as disproportionation. Thus it was observed that many radical polymerizations could not achieve 100% conversion 20) .
The effect of the AlkOA/MMA ratio on %conversion is summarized in . The polymerization rate decreases when the macromer content is increased. This is similar to the observation on some other alkyd-acrylics reported by Wang and coworkers 18) , and Uschanov and coworkers 21) . The conversion is affected by the temperature and the reaction time. In this study, the copolymerizations were conducted at similar conditions of 95-100˚C and reaction time of 8 hrs.
shows the typical FTIR spectra of AlkOA, its copolymers with MMA, and Poly(methyl methacrylate) (PMMA). The strong band at 1730 cm -1 was attributed to the carbonyl group in all the spectra. Overall the spectrum of the copolymers resembled that of the PMMA with a couple of extra peaks, being contributed by the incorporated macromer during the copolymerization. Both the macromer and copolymers show a weak band at 1580 and 1599 cm -1 for -C=C-of the aromatic rings. The broad bands at 3486-3524 cm -1 could be attributed to the hydroxyl groups present in the macromer and its copolymers.
The H-NMR spectrum AlkOA is shown in . The assignments of the various protons were as shown in the figure, in particular: δ = (5.3 ppm) -CH=CH-(b, c), and (0.89 ppm)-CH3 (a), are presumably attributed to the oleate chain of the AlkOA structure. The spectrum of the copolymer AM2 is shown in . Peak h at 3.7 ppm is the -OCH3 and peak g at 1.0 ppm is -CH3 of the MMA unit, while that at 0.89 is the -CH3 from the oleate chain of macromer. Thus the NMR spectrum has provided evidence that the copolymer contained both MMA and the macromer units. The ratio of integration of peaks at 5.3 ppm to 0.89 ppm in the macromer is 2 : 3 (≈ 0.67), but in the copolymer (AM2) it was down to 0.01, which indicated that the C=C of the macromer might be involved in the radical addition reactions in the copolymer.
The AlkOA is soluble in diethyl ether while PMMA is not. AM2 was extracted with diethyl ether under reflux for 4 hours to remove any free macromer, and the NMR spectrum remained unchanged. All these results are in accordance with the fact that a copolymer is really formed and that the product is not just a blend of the macromer and PMMA.
shows the results of GPC measurements on AlkOA, its copolymers and PMMA. It should be pointed out that as the GPC column was calibrated with monodisperse polystyrene standards, the curves here show only the relative molecular weight distributions. AlkOA shows a broad distribution of lowest relative molecular weight, with peak at elution time of 34.7 min. PMMA has the highest molecular weight as shown by the peak at elution time of 30.2 min. The copolymers show similar molecular weight distributions as PMMA except for the presence of small amount of low molecular weight fractions at elution time around 38.0 min. has tabulated the number average molecular weight (Mn) and weight average molecular weight (Mw) for AlkOA, PMMA and their copolymers.
The glass transition temperature (Tg) is frequently used to provide evidence on the formation of copolymer. Tg is defined as the temperature at which the polymer passes from a glassy stage to a elastomeric stage. The Tg of a polymer is dependent on its structure as well as intermolecular and intramolecular interactions.
The DSC curves of PMMA and its copolymers with AlkOA are shown in . The Tg of PMMA homopolymer was 374.6 K (101.6˚C), while that of AlkOA was 234.1 K (-38.9˚C). The three copolymers showed only a single broad Tg in the range of 350-386 K (77-95˚C). This showed that the macromer and MMA were quite compatible.
Tg of copolymers having compatible components were found to agree with the Gordon-Taylor Eq. (1) 24) .
(1) Where w1 and w2 are the weight fractions of the two components of the copolymer and k is the Gordon-Taylor constant, which is a model specific parameter. Tg1 and Tg2 are the Tg of the The thermal stability AlkOA and its copolymers were studied by TGA.
shows the TGA thermograms of AlkOA at various heating rates under nitrogen atmosphere. Kissinger Eq. (2), was employed in the kinetic analysis of the thermal decomposition to obtain the decomposition activation energy, Ed and kinetic pre-exponential factor, A 25) . (2) In equation (2), q is the heating rate (K min -1 ), Tp is the temperature at maximum rate of decomposition, R is gas constant and A is the pre-exponential factor.
The plot of -ln q/(Tp) 2 against 1/Tp gives a straight line ( ) with the slope equal to Ed/R. Thus the decomposition activation energy Ed was 183 kJ mol -1 . The intersection of Y-axis equals -ln(AR/Ed) where A is then obtained.
The degradation rate constant, K, at Tp was calculated from the Arrhenius Eq. (3) shown below. The results are shown in .
plots TGA curves of the copolymers. It can be seen that the degradation temperatures for copolymers increase significantly with higher AlkOA content, presumably due to the K Ae
contribution of higher aromatic content. The TGA curves showed multiple overlapping steps, indicating a rather complicated degradation mechanism. Consequently the kinetic of degradation could not be evaluated by the Kissinger method.
Durability of a coating can be defined as the ability to endure environmental exposure. Accelerated test methods are usually designed to evaluate the performances of the coating. Two aspects are commonly employed, namely the mechanical properties and chemical resistance test. In the present work, the mechanical tests include the pencil hardness and adhesion test, and the chemical resistance is shown by water, salt, acid and alkali resistance tests. The results are summarized in . The copolymers represent a successful combination of AlkOA and MMA. The aromatic rings in AlkOA moiety provide good mechanical properties and heat resistance. The pendant hydroxyl groups contribute to good adhesion. The ester groups are vulnerable to alkali resistance, which explain why the coatings of AM1 and AM2 were poor in alkali resistance. MMA units serve to speed up physical drying time as well as protect the ester groups toward hydrolysis. AM3 has the highest MMA content among the three copolymers; consequently it showed significantly better resistance to water, salt, acid and alkali. Salt resistance is better than acid and alkali resistance. This is consistent with the fact that hydrolysis of ester linkages are catalyzed by acid or alkali.
The resistance to scratch was reflected by the pencil hardness. The hardness of films increased with MMA content in the copolymer. Adhesion test was designed to assess the adherent strength of the film on the substrate. A criss-cross lattice pattern with five cuts in each direction was made. An adhesive tape was placed over the grid and pulled at an angle close to 180˚. The grid area was inspected for removal of coating from the substrate. Best adhesion performance is rated as 5B while poorest 0B. Nearly all the samples exhibit excellent Table 5 Results from TGA measurements. adhesion performance on mild steel panel.
Film forming
Copolymerization of a palm oil based-macromer (AlkOA) with MMA might be carried out. FTIR and NMR have provided evidence of the formation of true copolymers, instead of mixtures of homopolymers. DSC results showed that the macromer and MMA were highly compatible and each copolymer exhibited only a single Tg. TGA results showed that the activation energy Ed for the thermal decomposition of AlkOA was 183 kJ mol -1 . Increasing the macromer content in the copolymer can lead to higher thermal stability.
The polymerization rate decreases when macromer content is increased, due to the retarding effect of higher steric hindrance at the -C=C-of the macromer. The copolymer films exhibit higher pencil hardness and better water and alkali resistance as the MMA content in the copolymer is increased. Understanding the changes in film properties due to the variation of AlkOA/ MMA ratio, could be useful for designing coatings with the desired performance.
